A general problem for light emitting diodes (LEDs) operating in various spectral intervals is related to the phenomenon of "crowding" of the cur rent lines in some regions of a multilayer LED struc ture, which is caused by rather high resistivities of lay ers and specific features of the LED exterior design that are determined by the need to extract radiation. The current crowding effect is well known in LEDs operating in both visible (based on InGaN [1] and AlGaInP [2] ) and IR (InAsSb [3]) spectral intervals. Several investigations have been devoted to numerical simulation [4, 5] and analytical modeling [1, 6, 7] of current spreading in LEDs. These works were aimed at improvement of current spreading in the active region of devices through optimization of the internal param eters (resistance and thickness of the substrate, con finement layers, and current spreading layers) and the geometry of contacts. It was also pointed out that cur rent crowding led to the activation of nonradiative recombination, local heating of the device structure, and a resulting decrease in the IQE of LEDs. However, no quantitative calculations of the influence of current crowding on the IQE have been performed so far.
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Because of the dominant role of nonradiative recombination in narrow bandgap semiconductors, the current crowding effect must be especially pro nounced in LEDs operating in the mid IR range. For this reason, we have studied mid IR LEDs based on InAsSb/InAs heterostructures, the production tech nology and main performance parameters of which are well known (see, e.g., [8, 9] ). This Letter presents the results of calculations of the IQE of InAsSb/InAs LEDs as a function of the injection level with allow ance for the current crowding effect.
We have considered InAsSb/InAs LEDs of stan dard planar design with a round n contact of radius r 0 = 50 μm on the upper surface (Fig. 1a) . The spatial distributions of current density were performed by assuming axial symmetry of the structure (LEDs have a cylindrical shape with external radius R = 300 μm). Taking into account data [8] on the internal structure of InAsSb/InAs LEDs, the proposed model takes into account the three most important layers, which are characterized by their thicknesses and resistivities: p InAs substrate (d p , ρ π ), n InAsSb active layer (d al , ρ al ), and upper n InAsSbP spreading layer (d n , ρ n ). Calculations were performed for the following numer ical values of these parameters:
-2 Ω cm; and d al = 2 μm. It is assumed that the active layer is characterized by a nonlinear resistance of the p-n junction, which is calculated using the diode current-voltage character istic as follows:
where ϕ al is the voltage drop on the active layer, k is the Boltzmann constant, T is the absolute temperature, e is the electron charge, β is the ideality factor of the p-n junction, and j 0 is the saturation current density. All calculations were performed for β = 1, T = 300 K, and the saturation current density j 0 determined by the Shockley formula derived in the theory of the ideal p⎯n junction [10] .
As is known, it is possible to control the LED wave length within the mid IR spectral range by varying the concentration of Sb in the active layer. In the present Abstract-The effect of current crowding on the internal quantum efficiency (IQE) of InAsSb/InAs light emitting diodes (LEDs) operating in the middle infrared (mid IR) range (λ = 3-5 μm) has been studied. Calculations based on a modified model of recombination coefficients show that current crowding leads to a significant decrease in the IQE of LEDs, which is especially pronounced in longer wavelength devices (23% at λ = 3.4 μm versus 39% at λ = 4.2 μm). The obtained results indicate that the effect of current crowding should be taken into consideration as an additional nonthermal mechanism of IQE decrease in mid IR LEDs. DOI: 10.1134/S1063785012050252
work, we have studied LEDs emitting at three practi cally important wavelengths λ = 3.4, 3.8, and 4.2 μm. The only difference between the models of LEDs for these wavelengths was the saturation current density j 0 , which depended on the bandgap width (E g ) in the n InAsSb active layer as j 0 ~ exp(-E g /kT).
By applying the Kirchhoff laws to the equivalent scheme of LED (Fig. 1a) , it is possible to show that the electric potential ϕ in the upper n type layer depends on the radial coordinate (r) according to the following equation: (1) where j(r) is the vertical component of the current density. Assuming that the p contact potential is zero (ϕ p = 0), the potential drop between the upper n con tact and the lower p contact can be expressed as fol lows: (2) In order to obtain an analytical solution to system of equations (1), (2), we have assumed that the poten tial drop on the active layer is independent of the radial coordinate r and is determined by the difference
between the applied bias voltage V and the potential drop on the p type layer:
where I is the total current and S is the light emitting area. Under the above assumptions, a solution to sys tem of equations (1), (2) with respect to the current density for the given physical conditions can be written as follows: (3) where α = and K 0 (αr) is the modified zero order Bessel function of the second kind. Formula (3) describes the dependence of the spreading current density on the distance from the upper n contact edge. Assuming that the current den sity under the n contact is j(r 0 ) and integrating Eq. (3) over the entire LED area, we obtain the LED currentdensity characteristic with allowance for the current crowding (Fig. 1d) . In addition, Figs. 1b and 1c show the radial profiles of the normalized current density in diodes operating at various injection levels and differ ent emission wavelengths, respectively. As low levels of injection, the current crowding is negligibly small because of a rather large resistance of the active layer KUDRYK, ZINOVCHUK (ρ al ) compared to that of the other layers. An increase in the level of injection leads to a rapid decrease in ρ al and the current crowding under the upper n contact. The enhanced current crowding with the increasing LED wavelength is explained by the dependence of ρ al on the bandgap width E g in the InAsSb active layer. For the same level of injection, ρ al in long wavelength LEDs is smaller and the current crowding is more pro nounced. According to the model of recombination coeffi cients, the current density in the active layer is related to the concentration of injected carriers n as follows:
where A, B, and C are the coefficients of nonradiative (Shockley-Reed), radiative, and Auger recombina tion, respectively. Using this relation and Eq. (3), one can determine the radial profile n(r) of the concentra tion of injected carriers. Finally, for the known n(r) function, the IQE of LEDs under consideration can be calculated as follows:
where P/hν is the number of photons emitted from the active layer per second, P is the optical power, hν is the photon energy, and I/e is the number of electrons injected into the active layer per second. Figure 2 compares the results of calculations of the IQE (η) and optical power of InAsSb LEDs operating at various wavelengths as functions of the pumping current. In these calculations, the value of coeffi cient A was assumed to be the same for all LEDs (A = 1.0 × 10 6 s -1 ), while coefficients B and C were deter mined by the following formulas [11, 12] :
is the bandgap width in the active layer. Dashed curves in Fig. 2 represent the IQE calculated without allowance for the current crowding (with j and n assumed to be spatially independent). At low injec tion levels (I < 3 mA), the calculations performed both with and without allowance for the current crowding give virtually the same η values (solid and dashed curves in Fig. 2 coincide) . However, at high injection levels, the phenomenon of current crowding leads to a significant decrease in the IQE.
As can be seen from Fig. 1b , the current density under the upper n contact can significantly exceed the average value. For example, at I = 200 mA, the maxi mum current density reaches j max = 220 A/cm 2 , whereas the average value is j av = 72 A/cm 2 . This leads to the intensification of Auger recombination under the upper n contact with the resulting decrease in the IQE. Because of a stronger current crowding in longer wavelength LEDs, a decrease in the IQE in this case is especially significant. For example, at I = 200 mA, the IQE decrease caused by the current crowding in a 3.4 μm LED is about 23%, while, in an otherwise identical 4.2 μm LED operating at the same current, the IQE drops by 39%.
In conclusion, we have quantitatively estimated the effect of current crowding on the IQE of InAsSb/InAs LEDs operating in the mid IR range. The obtained results indicate that the effect of current crowding at high injection levels decreases the IQE by more than 20%. All calculations were performed with self heat ing being neglected, which allows the effect of current crowding to be considered as an additional nonther mal mechanism of IQE decrease in mid IR LEDs. In contrast to the temperature factor, which can be partly eliminated in a pulsed pumping regime, the effect of current crowding must be taken into account in the development of new IR LEDs operating in both pulsed and steady state loading regimes. 
